inhibits growth and a concentration not much higher is actively bactericidal. Moreover, apart from hypersensitivity reactions, penicillin is probably the least toxic of the antibiotics in clinical use.
Disadvantages of Penicillin
From the onset of its introduction into clinical medicine, however, penicillin presented two obvious disadvantages as a therapeutic agent-namely, instability and extremely rapid excretion via the kidney tubules. With regard to the first, penicillin in aqueous solution is rapidly inactivated by many agents, including acids and alkalis, oxidizing agents, heavy metals, alcohols, some forms of synthetic rubber, and the enzymes of certain bacteria. The importance of acid instability was appreciated at once, since it precluded oral administration, except in the newborn, and this fact, together with the rapid excretion, made it necessary to administer penicillin by frequent (four-hourly) intramuscular injection or continuous intramuscular or intravenous transfusion.
A bacterial enzyme inactivating penicillin and named penicillinase was isolated in 1940 by Abraham and Chain from a strain of Escherichia coli. At first this was simply regarded as an interesting mechanism to which some species of bacteria, such as coliform bacilli, regarded from the first as penicillin-resistant, owed their resistance. But the full clinical importance of the enzyme was appreciated only when, following the widespread clinical use of penicillin, strains of Staphylococcus aureus which produced penicillinase triumphantly supplanted less adaptable strains in hospital communities all over the world.
In the 20 years since the introduction of penicillin much has been done to mitigate the disadvantages. First of all, excretion can be delayed by the use of insoluble, and therefore slowly absorbed, salts of benzylpenicillin-for example, procaine (Sullivan et al., 1948; Young et al., 1949; Wayne et al., 1949) and benzathine (Fletcher and Knappett, 1953 )-or by the *Working with a full-time grant from the Medical Research Council. tl unit=0.6 pg., or 1 ug.=1.67 units.
simultaneous administration of a drug, such as probenecid (" benemid "), which blocks excretion by the kidney tubules (Boger et al., 1950) . Recently immense strides have been made by the discovery that penicillins with different side-chains have different properties, some of which may improve their therapeutic efficiency at least for certain purposes. A large number of these are now available for clinical use, and since their antibacterial activity is by no means identical the present comparative study was undertaken.
New Penicillins Available Production.-Several hundred different penicillins have now been isolated. In early studies they were obtained by adding different side-chain precursors to fermentations of the mould Penicillium chrysogenum, and in this way phenoxymethylpenicillin (penicillin V) was obtained; but recent discoveries on the penicillin nucleus have made it possible to produce new penicillins with relative ease. In 1958 Sheehan synthesized the nucleus of penicillin, 6-aminopenicillanic acid (see Fig. 1 the discovery that it could be isolated from fermentations of P. chrysogenum to which no side-chain precursor had been added , and the second that certain species of bacteria produce enzymes referred to as amidases, which catalyse the removal of the side-chain from various penicillins, thus leaving the free nucleus (Rolinson et al., 1960 Benzathine penicillin:
-CHH2-CG-" Dibencil "
"Neolin "
Oral " penidural"
Benzathine salt " Permapen "
Phenoxymethylpenicillin:
(Ampicillin and prostaphlin) FIG. 2.-Acid-resistant penicillins. the latter have, however, been recommended for oral use-namely, tablets with a protective coating insoluble at a pH below 6.5 (" falopen ") and the benzathine salt (oral benzathine penicillin). " Prostaphlin " (see Fig. 3 ) and ampicillin (see Fig. 4 ) are also acid-resistant.
Penicillinase-resistant Penicillins.-Two penicillins which are highly resistant to staphylococcal penicillinase have now been reported and are shown in Fig. 3 . The first of these, 2: 6-dimethoxybenzamido penicillin, or methicillin, is freely available and has proved its value Side-chain 2: 6-Dimethoxybenzamido clinically. It is not resistant to acid and has therefore to be administered by injection. The second, 5-methyl-3-phenyl-4-isoxazolyl penicillin, has been recently described (Bunn and Amberg, 1961) Fig. 3 , differ from the penicillins in that the nucleus consists of a fused ,B-lactam-dihydrothiazine ring instead of the 8-lactam-thiazolidine ring system. The nomenclature here is somewhat confusing, since a Cephalosporium mould isolated from the sea near a sewage outfall of Sardinia gives rise to several antibiotics, two of which have been named cephalosporin N and C. In fact, the N compound is a true penicillin identical with the previously described penicillin, synnematin B, which has activity against Gramnegative bacilli (see Fig. 4 ). Cephalosporin C has the nucleus given in Fig. 3 PAT for various bacterial species are given in Table I . Against the four species of Gram-positive bacteria and N. gonorrhoeae, the minimum inhibitory concentration of benzylpenicillin ranged from 0.06 to 0.007 ,ug./ml.; the corresponding figures for phenoxymethylpenicillin were 0.03 to 0.007 ,ug./ml.; none of the other compounds was as effective. Against N. meningitidis, benzylpenicillin had a similarly high activity, but that of phenoxymethylpenicillin was only one-quarter that of benzylpenicillin, and similar to that of ampicillin. In tests with N. catarrhalis ampicillin was the most active compound and inhibited six of the eight strains tested in a concentration of 0.015 jug./ml. Benzylpenicillin inhibited all eight strains in a concentration of 0.03 ,ug./ml. All the other compounds were much less active.
Less Sensitive Species.-With the Gram-negative bacilli, ampicillin was in all cases the most active agent, with an activity four to eight times that of benzylpenicillin. All the other compounds were much less effective. The minimum inhibitory concentration of ampicillin (in ,ug. /ml.) for various species was as follows: H. influenzae 0.125 to 0.5; Salmonella spp. 0.25 to 2; Shigella spp. 1 to 8; E. coli 2 to 8. Most strains of the Proteus group were highly resistant, but those strains of Pr. mirabilis which did not produce penicillinase were inhibited by from 2 to 8 jig. of ampicillin per ml.
Antistaphylococcal Actity of Penicillinase-resistant Penicillins Bacteriostatic Test with a Small Inoculum.-Methicillin and two isoxazolyl penicillins were tested against 125 penicillinase-producing strains of Staph. aureus, the cephalosporin against 124 strains, and a third isoxazolyl penicillin against 23. The inoculum used was one standard 1-mm. loopful of a 1 in 100 dilution of an overnight broth culture. The results are shown in Table II .>+9
-3 -3 -3 -6 -5 -5 -6 -6 -6 -4 -4 -3 -3 -3 -2 +1 and +2 -3 -3 -2 -4 -3 -3 +1 +2 +2 +1 +2 +3 +6 +7 +7 +6 +6 +6 +6 +6 +7 +3 +5 +6 +7 +7 +8 +8 >+9 +7 +8 +9 +6 +6 +7 +7 +7 +9 -3 and-1 Effect of Size of Inoculum.-Six methicillin-sensitive penicillin-destroying strains were tested by a similar method for sensitivity to the same five antibiotics, but using both a small and a large inoculum-that is, one standard 1-mm. loopful of an overnight broth culture diluted 1 in 500 and undiluted. The average fold increase in resistance with the large inoculum is given in Table III (Garrod, 1945; Kirby, 1945; Eagle and Musselman, 1948; Eagle, 1951 phage-type 53.75.77 or 83, both of which types were causing a number of infections in the surgical wards; 59 of the former type were isolated in May and June and 11 of the latter in October.
The degree of resistance of these strains to methicillin was in all cases of a low order, although they were all detected in routine laboratory tests in ditch-plates. A notable feature of the resistance was that it depended very much on the size of inoculum used (see Table III ). This is not due to drug-destruction by a large inoculum, but results from the fact that these cultures consist of a mixed population of cells, and when plated on nutrient agar containing more than about 5 .tg. of methicillin per ml. only a small proportion of cells grow, and these give rise to small atypical colonies. When a single colony is selected and retested once again only a proportion of cells grow in the presence of high concentrations of the antibiotic (see Knox and Smith, 1961; Barber, 1962) .
All strains tested showed a corresponding increase in resistance to the isoxazolyl penicillins and to cephalosporin PAT, and with these compounds also the degree of resistance depended on the size of inoculum (see Table III ).
B. Laboratory-indltced Resistant Strains
As recorded elsewhere (Barber, 1961 (Barber, , 1962 strains of Staph. aureus can be rendered tolerant to methicillin, the isoxazolyl penicillins, and cephalosporin PAT by passage in their presence in vitro, although this does not happen readily. When strains are treated in this way the resulting drug-tolerant cultures usually resemble strains tolerant to benzylpenicillin in that they grow poorly in artificial medium and readily lose their resistance when passaged in the absence of the antibiotic. Penicillinase-producing strains, on the other hand, in some instances give rise to stable methicillin-or isoxazolyl-tolerant cultures, which in other respects, inciuding mouse-virulence, resemble the parent strains.
With methicillin the degree of resistance of these strains was not greatly affected by the size of inoculum (see Table III ) and with the penicillinase-producing cultures growth was equally good in the presence or absence of the antibiotic, within the limits of their resistance. With the other four antibiotics the size of inoculum had a considerable effect, and growth in the presence of the higher concentrations of the antibiotic tended to be rather less luxuriant than in its absence.
Cross-resistance with methicillin tends to be one way; that is to say, that passage in methicillin was usually followed by a similar increase in resistance to methicillin, the isoxazolyl penicillins, and cephalosporin PAT. On the other hand, strains passaged in the isoxazolyl penicillins or cephalosporin PAT showed only a slight increase in resistance to methicillin. Cross-resistance between the isoxazolyl penicillins and cephalosporin PAT occurred both ways.
Discusion and Conclusions
Choice of Oral Penicillin
The comparative antibacterial activity of benzylpenicillin and five acid-resistant penicillins is given in Table V NI.=.NOt tested.
-Too inactive to be therapeutically useful.
with those of Garrod (1960) . Against those species usually regarded as penicillin-sensitive, benzyipenicillin is unquestionably the most active, and it is second only to ampicillin against Gram-negative bacilli. Phenoxymethylpenicillin is a close second against the Grampositive bacteria and N. gonorrhoeae, but ampicillin is about equally effective against N. meningitidis and more active against N. catarrhalis. Phenethicillin, propicillin, and phenbenicillin are appreciably less active. Against the Gram-negative bacilli ampicillin is about four times more active than benzylpenicillin and all three phenoxy compounds are much less active. Against the inferior antibacterial activity of phenethicillin, propicillin, and phenbenicillin, it has been claimed that these are better absorbed from the alimentary tract and thus give higher blood levels than phenoxymethylpenicillin. There is some evidence to suggest that this is indeed the case, but as pointed out by the British Medical Journal (1962) proper comparative trials have not been undertaken. Moreover, chromatographic studies have shown that these penicillins are excreted in the urine in more than one active form. In view of the different antibacterial spectrum of different penicillins blood-level estimations which depend on a single organism may be fallacious. In any case, even if the reported blood levels for the phenoxy penicillins are taken at their face value, the higher levels of phenethicillin, propicillin, and phenbenicillin do no more than compensate for the greater activity of phenoxymethylpenicillin.
For infections with Gram-negative bacilli ampicillin is the penicillin of choice. As reported by Rolinson and Stevens (1961) it is highly active against H. influenzae and Salmonella species. It is moderately active against Shigella species and some strains of E. coli and Pr. mirabilis, but all these species produce penicillininactivating enzymes (Abraham and Chain, 1940; Bondi and Dietz, 1944; Housewright and Henry, 1947) , and with the two latter there is considerable strain variation in sensitivity. Other species of Proteus and Ps. pyocyanea are highly resistant.
Penicillinase-resistant Penicillins
As recorded by Bunn and Amberg (1961) and Doyle et al. (1961) the isoxazolyl penicillins are resistant to staphylococcal penicillinase and to acid and have a higher antibacterial activity than methicillin against both penicillin-resistant staphylococci and penicillin-sensitive bacteria. We have confirmed the high antistaphylococcal activity in tests with 125 recently isolated strains of penicillinase-producing Staph. aureus. Unlike methicillin, however, the isoxazolyl penicillins were much less effective against a large than against a small inoculum, which reflects the fact that they are slightly less resistant than methicillin to staphylococcal penicillinase (Rolinson, personal communication) .
Naturally occurring methicillin-resistant strains of Staph. aureus have been found in several laboratories (Jevons, 1961; Knox and Smith, 1961; Barber, 1961; Eriksen, 1961) . These strains do not inactivate methicillin, and the degree of resistance is of a low order. They show a similar increase in resistance to the isoxazolyl penicillins. It is difficult to estimate their incidence since most strains belong to one or two closely related phage-types of group 3. It is of some interest that the first penicillin-resistant staphylococci recorded in hospitals in many parts of the world also belonged to one or two phage-types of this group (Barber and Whitehead, 1949; Rountree and Thomson, 1949; Fouace and Lutz, 1953; Wallmark, 1954; Fusillo et al., 1954; Jackson et al., 1954) .
Drug-tolerant strains have also been isolated in the laboratory by passage of staphylococci in the presence of methicillin, the isoxazolyl penicillins, or cephalosporin PAT. Such strains are not readily obtained, but some pencillinase-producing strains of Staph. aureus develop a considerable degree of resistance without losing the cultural characteristics of the parent strain, and the resistance is stable. With the strains so far studied, however, the resistant variants grew poorly in the presence of high concentrations of the isoxazolyl penicillins.
It seems unlikely from these findings that drugresistant strains will emerge during a single short course of treatment with these penicillins. On the other hand, if their use is widespread in wards where cross-infection is occurring drug-resistance might once more become a problem. For this reason, as well as the fact that these compounds are less active than other penicillins against most penicillin-sensitive bacteria, they should be reserved for the treatment of severe penicillin-resistant staphylococcal infection, and wherever possible such cases should be isolated. Summary A comparative study has been made of the bacteriostatic activity of eight penicillins and a cephalosporin against 154 strains of bacteria belonging to 19 different species.
Four of the penicillins and the cephalosporin are resistant to penicilhinase. The bacteriostatic and bactericidal activity of these antibiotics were further studied in tests involving 137 penicillinase-producing strains of Staph. aureus, 12 of which showed varying degrees of resistance to methicillin.
On the basis of these findings, together with the comparative absorption of the compounds studied, the penicillin of choice for various types of infection is discussed.
